The insulin-like growth factor (IGF-I) signalling pathway is essential for metabolism, cell growth and survival. It induces expression of the mitochondrial pyrimidine nucleotide carrier 1 (PNC1) in transformed cells, but the consequences of this for cell phenotype are unknown. Here we show that PNC1 is necessary to maintain mitochondrial function by controlling mitochondrial DNA replication and the ratio of transcription of mitochondrial genes relative to nuclear genes. PNC1 suppression causes reduced oxidative phosphorylation and leakage of reactive oxygen species (ROS), which activates the AMPK-PGC1a signalling pathway and promotes mitochondrial biogenesis. Overexpression of PNC1 suppresses mitochondrial biogenesis. Suppression of PNC1 causes a profound ROS-dependent epithelialmesenchymal transition (EMT), whereas overexpression of PNC1 suppresses both basal EMT and induction of EMT by TGF-b. Overall, our findings indicate that PNC1 is essential for mitochondria maintenance and suggest that its induction by IGF-I facilitates cell growth whereas protecting cells from an ROS-promoted differentiation programme that arises from mitochondrial dysfunction.
Introduction
The importance of mitochondria in cancer cell proliferation has been studied since Warburg (1956) proposed that tumour cells are less dependant on mitochondria for ATP production than normal cells. Increased glycolysis and rapid production of ATP could allow tumour cells to survive in low oxygen conditions found inside solid tumours in vivo (Pedersen, 1978; Gatenby and Gillies, 2004) . It has long been suggested that this adaptation is due to an energy deficiency caused by non-functional mitochondria such as may occur with mitochondrial DNA (mtDNA) mutations (Penta et al., 2001) . However, the Warburg hypothesis has been revisited notably because observed increases in glycolysis in cancer cells can occur along with normal mitochondrial function or respiration. There is now considerable evidence to indicate that enhanced glycolysis in cancer cells cooperates with oxidative metabolism, and that the anabolic functions of mitochondria in glutamine and fatty acid metabolism are essential for tumour cell proliferation (reviewed by Deberardinis et al., 2008; Jones and Thompson, 2009) .
The insulin-like growth factor (IGF-I) signalling pathway through PI3-kinase, Akt and mTOR is important in promoting cell growth and proliferation. This signalling pathway can directly enhance both glycolysis and oxidative phosphorylation (OxPhos). It controls the expression and trafficking of glucose transporters (Quon et al., 1995; Hajduch et al., 1998; Huang et al., 2005) , enhances glycolysis (Elstrom et al., 2004; Pankratz et al., 2009 ) and may also directly enhance OxPhos (Unterluggauer et al., 2008) . IGF-Imediated activation of the mTOR pathway is regulated by AMP-activated kinase (AMPK), a serine or threonine kinase that is considered to be a master regulator of cellular and systemic metabolism by acting to restore energy balance (Marshall, 2006) . However, although AMPK has an important role in mitochondrial biogenesis, the links between the IGF-I signalling pathway and mitochondrial function and biogenesis are not clear.
The Warburg effect suggests that increased glycolysis in cancer cells harbouring mitochondria with mtDNA mutations confers a growth advantage in hypoxic conditions. However, damaged mitochondria may also directly participate in increasing metastatic potential by activating a reactive oxygen species (ROS)-mediated retrograde signalling pathway (Ferraro et al., 2006; Owusu-Ansah et al., 2008) . Earlier studies have correlated elevated levels of ROS in cancer cells with carcinogenesis (Klaunig et al., 1998; Mori et al., 2004) . Numerous studies have implicated ROS in DNA mutation and apoptosis, low levels of ROS produced in response to growth factor signalling may also function as a secondary messenger to activate signalling pathways (Finkel, 2000) .
The intense interest in targeting the IGF-I pathway for cancer therapy (reviewed in Pollak, 2008) highlight the need for better insights into the mechanistic links between IGF-I or insulin signalling, mitochondrial function, ROS signalling and metabolic regulation. For these reasons we investigated the role of IGF-I signalling in mitochondrial activity in tumour cells by analyzing the function of the mitochondrial pyrimidine nucleotide carrier 1 (PNC1), which we previously identified as an IGF-I and insulin-responsive protein in transformed cells (Floyd et al., 2007) . Here we show that PNC1 is essential for maintenance of mtDNA and respiration, and that suppression of PNC1 leads to activation of an ROS-mediated signalling pathway that controls nuclear gene expression. The findings show that IGF-I signalling is integrated with mitochondrial function to determine the phenotype of cancer cells.
Results

PNC1 suppression is associated with increased mitochondrial ROS production
We have previously shown that PNC1 expression levels are inversely correlated with cellular ROS levels (Floyd et al., 2007) . To investigate the mechanism of this, we generated HeLa cell lines in which PNC1 expression was stably suppressed using shRNA. Clones showing an approximately 40% (ShRNA PNC1 clone 1) and 60% (ShRNA PNC1 clone 2) reduction, respectively in PNC1 transcription were isolated ( Figure 1a ). Increased basal expression of cellular ROS was observed in these clones compared with controls ( Figure 1b) . The subcellular origin of the observed ROS was investigated using immunofluorescence with the ROS-specific H2DCF-DA dye. As shown in Figure 1c , when compared with controls, cells with suppressed PNC1 expression show increased accumulation of the H2DCF-DA dye in regions in which it is colocalized with the mitochondrial marker MitoTracker. We then used inhibitors that target different complexes of the mitochondrial respiratory chain to determine which complex may contribute to this ROS production. Rotenone (blocks transfer of electron from complex I to complex II) induced ROS production in both control and shRNA clones whereas antimycin A (complex III inhibitor) and CCCP (Electron Transport Chain, uncoupler; unpublished data) did not increase ROS production in cells with suppressed PNC1 (Figure 1d ). The observation that antimycin A does not affect ROS production in PNC1-deficient cells suggests that complex III in these cells is already leaking ROS. Altogether, these data indicate that the increased cellular ROS observed in cells with suppressed PNC1 is derived from mitochondria and may be derived from a leak in the respiratory chain at complex III.
PNC1 suppression inhibits mitochondrial ATP production and activates glycolysis We next tested the effects of PNC1 suppression on respiratory chain activity. To do this, we measured the levels of intracellular ATP in cells cultured in glucosecontaining media (which produce ATP by both respiration and glycolysis) and in galactose-containing media (which inhibit glycolytic production of ATP resulting in reliance on respiration (OxPhos) (Marroquin et al., 2007) ). No significant difference was observed between PNC1-deficient cells and control cells cultured in glucose (Figure 2a) . No difference was also observed in control cells after 2 h culture in galactose. In contrast, PNC1-deficient clones showed a reduction of 15-20% in cellular ATP level in the presence of galactose. This reduction in mitochondrial ATP production suggests that cells with PNC1 suppressed are deficient in OxPhos and cannot compensate for inhibition of glycolysis by galactose as efficiently as controls.
To further assess the effect of PNC1 suppression on respiration, we investigated the effect of PNC1 suppression on oxygen consumption using the phosphorescent probe MitoXpress (Luxcel Biosciences, Cork, Ireland), whose fluorescence emission is quenched by oxygen. When cell cultures are isolated from air, the cells consume dissolved oxygen and the fluorescence emission of the probe increases . As can be seen in Figure 2b , HeLa cells with suppressed PNC1 grown in glucose show decreased oxygen consumption compared with controls. This effect on oxygen consumption is consistent with the decrease in mitochondrial ATP production in PNC1-deficient cells grown in galactose (Figure 2a) .
Cells with suppressed PNC1 could compensate for the loss of mitochondrial ATP by increasing activation of the glycolytic pathway for ATP production. We therefore investigated glycolytic activity in PNC1-deficient cells by measuring the rate of extracellular acidification, which is linked to lactic acid production during glycolysis. We found that cells with suppressed PNC1 have increased extracellular acidification (increased emission of the pH-sensitive probe). This indicates that glycolysis is increased in these cells compared with controls ( Figure 2c ).
Altogether our study data indicate that in conditions of normal oxygen supply suppression of PNC1 causes a defect in the respiratory chain and increases the rate of glycolysis to compensate for overall cellular ATP production.
PNC1 expression regulates mitochondrial mass and mtDNA replication We next turned our attention to the mechanisms by which PNC1 regulates mitochondrial function. Having observed decreased OxPhos in cells with suppressed PNC1, we first investigated whether mitochondrial membrane potential (MMP) was altered using the tetramethylrhodamine (TMRE) probe, which accumulates inside the mitochondria in a potential-dependent manner. Surprisingly, neither PNC1 suppression nor PNC1 overexpression had a detectable affect on MMP (Figure 3a ). This suggests that although the mitochondria of these cells contain a defective respiratory chain, they maintain a normal MMP.
PNC1 is a UTP carrier, so it is likely that reduced availability of UTP in PNC1-deficient cells (Floyd et al., 2007) could impair mtDNA transcription. This could result in reduced expression of mitochondrial-encoded components of the respiratory chain leading to decreased ATP output and increased ROS production. To test this hypothesis, we analyzed the transcription levels of three genes (cyclooxygenase-1, NADH dehydrogenase subunit IV (mtND4) and cytochrome B) and one ribosomal RNA (rRNA 16s) encoded by mtDNA, and compared them with two cellular housekeeping genes (gapdh and actin). Surprisingly, despite the effect of PNC1 on mitochondrial ATP production, PNC1 suppression had no discernable effect on the overall transcription of mtDNA-encoded genes in MCF-7 and HeLa cells (Figure 3b ).
To test whether the observed lack of difference in the level of mtDNA transcription between control cells and cells with suppressed PNC1 was related to different numbers of mitochondria in these cells, we assessed mitochondrial mass. To do this we used the MitoTracker Green (MTG) probe that accumulates in the mitochondria in an MMP-independent manner. As shown in Figure 3c , cells with suppressed PNC1 have increased mitochondrial mass whereas cells with overexpressed PNC1 have reduced mitochondrial mass. The increased mitochondrial mass observed in PNC1-deficient cells would mask a reduction in mtDNA transcription in whole cell lysates derived from cells deficient in PNC1, and could account for the lack of observable differences ( Figure 3b ). To gain insight into the relative levels of mitochondrial transcription per mitochondrion, we analyzed mtDNA transcription (Cox1 and cytochrome B) and mitochondrial mass in the same pool of cells, and then normalized the amount of mtDNA transcription to mitochondria mass. As can be seen in Figure 3d , relative mtDNA transcription per mitochondrion was decreased in cells with suppressed PNC1, whereas it was increased in cells with overexpressed PNC1. UTP is a cofactor for the DNA helicase twinkle, which is necessary for mtDNA replication (Korhonen et al., 2003) . Thus, PNC1 expression would also be expected to alter mtDNA replication. We assessed the levels of mtDNA by real-time PCR using primers specific for mtDNA (spanning Cox1 and 2 genes) normalized to the level of nuclear genomic DNA ( Figure 3e ). Cells with suppressed PNC1 had reduced mtDNA, whereas cells with overexpressed PNC1 had increased mtDNA compared with controls.
Overall, the data indicate that PNC1 is essential for the transcription and replication of mtDNA, and suggest that control of mitochondrial mass may be a compensatory mechanism to maintain respiratory chain efficiency.
PNC1 controls mitochondrial biogenesis by ROSdependent activation of the AMPK signalling pathway
Increased mitochondrial mass or mitochondrial biogenesis requires induction of nuclear genes encoding mitochondrial proteins. To investigate whether mitochondrial biogenesis was affected in cells with suppressed or overexpressed PNC1, we compared the expression of mitochondria-encoded and nuclearencoded mRNA in total RNA extracts. Cells with suppressed PNC1 showed increased transcription of the nuclear-encoded mitochondrial genes ADP/ATP translocator and Aralar (Figure 4a ), whereas cells overexpressing PNC1 showed decreased transcription of these genes ( Figure 4b ). This suggests that PNC1 controls mitochondrial mass by regulating transcription of nuclear genes that encode mitochondrial proteins.
To determine whether signalling pathways associated with mitochondrial biogenesis were activated in cells with suppressed or overexpressed PNC1, we first investigated AMPK, a known mitochondrial biogenesis promoter (Lage et al., 2008) . MCF-7 cells with suppressed PNC1 showed increased basal AMPK phosphorylation on Thr172 and increased phosphorylation of its substrate Acetyl-CoA carboxylase (ACC; Figure 4c ).
Interestingly, IGF-I-induced phosphorylation of both AMPK and ACC was not observed in cells overexpressing PNC1 (Figure 4d ). AMPK can be activated by cellular AMP and phosphorylation on Thr172 by LKB1. Interestingly, the basal increase in AMPK activation observed in cells with PNC1 suppressed was also observed in LKB1-deficient HeLa cells, suggesting that the pathway for activation of AMPK is LKB1 independent (Figure 5a ). AMPK can also be activated through signalling pathways that require intracellular calcium and cellular ROS (Witczak et al., 2008) . Since ROS is increased in cells with suppressed PNC1, this was a likely candidate. To test this we used N-acetyl cysteine (NAC) to scavenge PNC1 regulates mitochondrial function and EMT C Favre et al Figure 5a and Supplementary Figure  S1 , NAC treatment totally blocked AMPK activation in HeLa and MCF-7 cells with PNC1 suppressed. This indicates that increased AMPK activation is mediated by elevated cellular ROS in PNC1-deficient cells. We next measured the activity of a downstream target of AMPK, the transcription and activation of proliferator-activated receptor-g coactivator-1 (PGC-1a) (Terada et al., 2002; Jager et al., 2007; Irrcher et al., 2008) , which acts as a transcriptional co-factor for transcription factors including nuclear respiratory factors (NRF-1 and NRF-2) that control transcription of nuclear-encoded mitochondrial genes. In cells with PNC1 suppressed, both PGC1a and NRF-2a expression levels were increased (Figure 5b ), whereas in cells with PNC1 overexpressed, PGC1a and NRF-2a expression levels were reduced (Figure 5c ). The effects on PGC1a and NRF-2a correlate closely with PNC1 expression and mitochondrial mass. NAC and the AMPK inhibitor compound C were both able to abrogate the increase in mitochondrial mass and transcription of nuclearencoded genes in PNC1-deficient cells (Supplementary Figure S2) .
ROS. As shown in
Taken together the data indicate that PNC1 regulates mitochondrial biogenesis through an ROS-dependent signalling pathway that controls AMPK activity and transcription of PGC1a and NRF-2a. The levels of transcription of the mitochondrial genes (Cyclooxygenase-1 (COX1) and cytochrome B (CytoB) relative to gapdh were measured by real-time PCR. In the same cultures mitochondrial mass was measured using MitoTracker Green staining with FACS. To determine the rate of transcription per mitochondria the data for gene expression were expressed as a fraction of the data for mitochondrial mass. For each condition the data are presented as a percentage of control (either control siRNA or empty vector), and as the mean and standard deviation from three separate experiments (Student's t-test *Po0.05, # Po0.01). (e) Mitochondrial DNA content per cell population was determined by real-time PCR using primers specific for mtDNA or genomic DNA. The data are presented as the ratio of mtDNA to genomic DNA. For each condition the data are presented as a percentage of control (either control siRNA or empty vector), and as the mean and standard deviation from three separate experiments (Student's t-test and size. We therefore investigated whether mitochondria dysfunction in these cells was associated with phenotypic changes in migration, adhesion or clonogenic growth. In wound-healing assays, cells with PNC1 suppressed showed higher motility than controls (Figure 6a ). This was not due to increased proliferation as both controls and PNC1 shRNA clones showed similar proliferation rates (Figure 6b) . Strikingly, cells with suppressed PNC1 had greatly decreased adhesion to fibronectin (Figure 6c ) and a twofold increased capacity to form colonies in soft agarose (Figure 6d) .
Because the cellular changes observed in MCF-7 and HeLa cells with suppressed PNC1 resembled those of cells undergoing epithelial-mesenchymal transition (EMT), we investigated expression of markers of EMT by immunofluorescence. As shown in Figure 6e , MCF-7 cells with suppressed PNC1 exhibited a strong reduction in E-cadherin at the cell-cell contacts compared with controls ( Figure 6e ). By contrast, the expression of the mesenchymal marker b-catenin was increased (Figure 6e ). Vimentin, fibronectin and N-cadherin were also increased (Supplementary Figure S4; unpublished data).
Mitochondrial ROS signalling has been strongly implicated in motility, EMT and metastatic process (Wu, 2006; Ishikawa et al., 2008) . To determine whether PNC1 regulates EMT through mitochondrial ROS production, we used the ROS scavenger NAC. Exposure of cells to NAC completely blocked EMT in cells with PNC1 suppressed as indicated by the expression levels and location of E-cadherin (Figure 7a) .
The increase in b-catenin expression and cell motility in PNC1-deficient cells were abrogated by NAC (Figure 7b; Supplementary Figure S5) . Interestingly, the AMPK inhibitor compound C had no effect on b-catenin expression suggesting that although ROS controls both EMT and mitochondrial biogenesis, EMT does not require AMPK.
To test whether overexpression of PNC1 would suppress EMT, we used TGF-b to stimulate the onset of EMT in MCF-7 cells. TGF-b can induce an ROS- PNC1 regulates mitochondrial function and EMT C Favre et al dependent EMT in epithelial cells (Rhyu et al., 2005) . As shown in Figure 7c , control MCF-7 cells lost E-cadherin expression when stimulated with TGF-b, whereas cells overexpressing PNC1 retained E-cadherin levels. This indicates that cells expressing PNC1 are protected from induction of EMT. Exposure of cells to NAC also reversed the effects of TGF-b in control cells and had no effect on E-cadherin expression in cells with PNC1 overexpressed.
Altogether, these data show that PNC1 controls cellular phenotype in transformed cells by regulating mitochondrial production of cellular ROS.
Discussion
Regulation of mitochondrial function by growth factors and their effects on growth, proliferation and the phenotype of cancer cells is an important but still poorly understood area of cancer research. Here we have shown that the IGF-I-and insulin-responsive mitochondrial UTP carrier PNC1 controls mtDNA replication and transcription, mitochondrial ROS production, bioenergetics/metabolism and the invasive potential of transformed cells. As summarized in Figure 8 , we found that PNC1 is essential for maintenance of mtDNA synthesis and transcription, the ratio of mitochondria-to nuclear-encoded components of the electron transport chain, and mitochondrial function. Suppression of PNC1 leads to release of ROS, which results in increased mitochondrial biogenesis and an altered cellular differentiation programme (EMT). In contrast, overexpression of PNC1 suppresses ROS and EMT. Thus PNC1 maintains mitochondrial function and regulates an ROS-induced cellular differentiation programme.
Our study results strongly indicate that the defect in oxygen consumption and mitochondrial ATP production is caused by the effects of PNC1 on expression of both nuclear-and mitochondria-encoded components of the respiratory chain. This is most likely due to decreased mitochondrial UTP (Floyd et al., 2007) and the consequences of this for mtDNA replication and transcription. As components of the respiratory chain are encoded by both nuclear and mtDNA, an imbalance in expression could lead to defective respiratory chain function and ROS production. Our study results are 
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C Favre et al consistent with previous studies showing that mitochondrial ROS activates a retrograde pathway leading to altered expression of nuclear-encoded genes (Butow and Avadhani, 2004; Owusu-Ansah et al., 2008) . We previously showed that PNC1 expression is strongly induced in response to IGF-I and insulin stimulation, which indicates direct regulation of mitochondrial function. Although IGF-I has long been implicated in cellular metabolism through its activity on mTOR, glycolysis and glucose transporters, there is also recent evidence for a direct effect of IGF-I on OxPhos in tumour cells (Unterluggauer et al., 2008) and in an experimental cirrhosis model in rat in which a low dose of IGF-I can increase the mitochondrial activity (Perez et al., 2008) . Our study results suggest that by regulating the level of PNC1 expression, IGF-I may enhance mitochondrial function (OxPhos) when cells require this energy to support the transformed phenotype. This would also increase overall mitochondrial bioenergetics including fatty acid synthesis and glutamine metabolism, which has recently been shown to be essential for Myc oncogene-driven tumour cell growth (Jones et al., 2005; Deberardinis et al., 2008) . Our observation that IGF-I directly activates AMPK also indicates a direct role for IGF-I in enhancing expression of nuclear-encoded genes necessary for mitochondrial biogenesis.
Our findings support an essential function for PNC1 in maintenance of mtDNA. A linear correlation was observed between mtDNA content and the level of . (e) E-cadherin and b-catenin were detected by immunofluorescence with specific antibodies in formaldehyde-fixed cells and a Cy2-labelled secondary antibody (green). Nuclei were stained with Hoechst (blue). Images were obtained using a Nikon epifluorescence microscope and represent similar fields in more than three experiments.
PNC1 regulates mitochondrial function and EMT C Favre et al PNC1 expression in transformed cells. When PNC1 was reduced by 80% (as routinely obtained with siRNA number 2) this resulted in a reduction in mtDNA content of approximately 80%, whereas cells with PNC1 suppressed by 40-60% of PNC1 (siRNA1 and shRNA) showed a 40-60% reduction in mtDNA content (Figure 3e ; unpublished data). The necessity for PNC1 in mtDNA maintenance is apparently conserved throughout evolution because deletion of the yeast homologue Rim2p causes loss of mtDNA (Van Dyck et al., 1995) . Interestingly, Rim2p overexpression can also rescue mtDNA deletion observed in yeast lacking the DNA helicase PIF1. The mtDNA maintenance in mammalian cells is controlled by several nuclearencoded gene products. Among these are the DNA polymerase-g (DNA polG), the DNA helicase twinkle and mtDNA-interacting proteins including mtSSB and TFAM (Falkenberg et al., 2007) . Mutations in these proteins result in a loss of mtDNA and have been associated with various mitochondrial diseases (Copeland, 2008) . The minimal replication system consists of the DNA polG and twinkle. Interestingly, 
C Favre et al although twinkle can use different 5 0 -triphosphates as cofactors for its helicase activity, UTP is proposed to be its most potent cofactor (Korhonen et al., 2003) . Because PNC1 imports UTP into mitochondria, it is rational to propose that decreased mitochondrial UTP in PNC1-deficient cells (Floyd et al., 2007) would reduce the efficiency of twinkle activity and reduce mtDNA levels.
The function of PNC1 in mtDNA maintenance may also explain why suppression of PNC1 leads to impaired cell proliferation only in certain conditions. We have previously reported that PNC1 suppression affects cell proliferation and halts the cell cycle in G 1 (Floyd et al., 2007) . However, this reduction was only observed when PNC1 was suppressed by more than 70%. HeLa clones stably expressing shRNA targeting PNC1 exhibited a 40% and 60% reduction in protein did not show reduced proliferation (Figure 6b ). Previous studies of mtDNA suppression after ethidium bromide treatment or suppression of critical components of the mtDNA maintenance machinery have shown impaired proliferation only when a critical level of mtDNA (less than 25% of initial content) is reached, which suggests that a minimal level of mtDNA is sufficient for cell proliferation (Jazayeri et al., 2003; Jeng et al., 2008) . Interestingly, the effects of PNC1 on cell size and ROS production were not as tightly correlated with the degree of PNC1 suppression (Floyd et al., 2007 and this study) . In addition, cells overexpressing PNC1 showed increased cell size and decreased ROS without altered proliferation (Floyd et al., 2007) . Altogether, these observations suggest that PNC1 primarily regulates ROS production and cell size and that impaired proliferation occurs as a consequence of drastic loss of mtDNA in cells with greatly suppressed PNC1.
PNC1 expression is enhanced in transformed cell lines and tumours compared with non-transformed cells, which suggests a role in facilitating transformation or tumour growth. In this report we found that suppression of PNC1 in transformed cells leads to acquisition of a more aggressive phenotype because of an ROS-dependent EMT programme. Mitochondria, and specifically, mutations in mtDNA, have previously been implicated in cancer progression (reviewed in Brandon et al., 2006; Chatterjee et al., 2006) . Transfer of mutated mtDNA from highly metastatic cell lines is sufficient to initiate a metastatic phenotype in non-metastatic cell lines by promoting mitochondrial ROS production (Ishikawa et al., 2008) . Moreover, mtDNA depletion in MCF-7 cells induces an EMT programme (Naito et al., 2008) . Our results show that PNC1, by regulating the mitochondrial ROS production, has the potential to regulate initiation of an ROS-dependent EMT programme in tumour cells. Furthermore, PNC1 overexpression in MCF-7 cells was sufficient to prevent TGF-b-induced EMT. Thus, increased PNC1 expression could enable a tumour to optimally produce ATP and grow whilst it would also protect cells from metabolic stress and prevent progression toward an invasive aggressive phenotype. Our findings also suggest that PNC1 may have a more general function in regulating cellular differentiation programmes that are controlled by mitochondria retrograde signalling. When PNC1 is expressed mitochondrial DNA synthesis and transcription produce components of the electron transport chain that together with nuclear-encoded components are essential for maintaining Oxphos and prevent production of ROS. When PNC1 is suppressed DNA synthesis and transcription are impaired; there is an imbalance in mitochondrial-encoded components of the electron transport chain compared with nuclear-encoded components, a defect in Oxphos occurs; and ROS are produced. This leads to activation of an AMPK-dependent signalling pathway that activates mitochondrial biogenesis and expression of genes that change cellular phenotype (epithelial to mesenchymal transition). IGF-I also activates AMPK indicated by dotted line.
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In summary, we have shown that PNC1 controls mitochondrial integrity and regulates signalling pathways that control the growth and differentiation of cancer cells. Our findings also highlight one of the limitations associated with the concept of targeting mitochondria in cancer. Partial inhibition of mitochondrial function may exacerbate the aggressiveness of cancer due to ROS production and subsequent effects on EMT signalling.
Materials and methods
Cell lines and plasmids MCF-7 and HeLa cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) fetal bovine serum, 10 mM L-glutamine and antibiotic (all from Biowhittaker, Verviers, Belgium). The pSuper-PNC1-ShRNA and pSuper-Scramble vectors were generated by insertion of the PNC1 shRNA (sequence: gatccccggctgtatactttgcatgttattga tatcctaacatgcaaagtatacagcctttttc) or scramble (sequence: gat ccccctggaagtcttcattaaggtgttgatatcccaccttaatgaagacttccagtttttc) between the BglII and XhoI sites of pSUPER.neo (OligoEngine, Seattle, WA, USA).
PNC1 siRNAs and transfection procedure were previously described (Floyd et al., 2007) .
RT-PCR and real-time PCR
Whole RNA was isolated using the Trizol method (Invitrogen, Carlsbad, CA, USA). And cDNA synthesis was carried out by reverse transcription with equal amounts of RNA (2 mg) using a cDNA synthesis kit (Invitrogen). Equal amounts of cDNA were amplified using HotStar Taq DNA polymerase (Qiagen, Hilden, Germany) for regular reverse transcriptase (RT)-PCR or QuantiTect SYBR Green PCR kit (Qiagen) for real-time PCR. The various levels of amplification were normalized to the levels of amplification of gapdh or actin.
Measurement of ATP levels, O 2 consumption and glycolysis For ATP analysis, we incubated cells for 6 h in 96-well plates (Sarstedt, Wexford, Ireland) at 2 Â 10 5 cells per well in serumfree Dulbecco's modified Eagle's medium containing P/S, 1 mM pyruvate and either 10 mM of glucose or 10 mM of galactose. Cellular total ATP was quantified using CellTiterGlo Assay (Promega, Madison, WI, USA) and Victor2 plate reader (PerkinElmer Life Science, Waltham, MA, USA) on white 96-well plates (Greiner Bio One, Frickenhausen, Germany) following the manufacturer's instructions.
For O 2 consumption assay, we used the phosphorescent oxygen-sensing probe MitoXpress (Luxcel Biosciences) as previously described (Zhdanov et al., 2008) . The extracellular acidification assay was performed as previously described (Hynes et al., 2009 ).
Determination of mtDNA levels Total DNA was isolated as described before (Miller et al., 1988) . Briefly, cells were lysed in lysis buffer (100 mM Tris-HCL (pH 8.5), 5 mM EDTA, 0.2% SDS and 10 mg/ml proteinase K) at 55 1C for 2 h. Total DNA was extracted using ethanol precipitation. Owing to the absence of introns in the mitochondrial genome, mtDNA was assessed using primer pairs that are complementary to sequences spanning two genes: Cox1 for mtDNA F and Cox2 for mtDNA R (see Table 1 in Supplementary Figures ). The levels of nuclear DNA were measured using two pairs of primers located on either one exon and one intron of pnc1 gene or two introns of the actin gene (pnc1 exon4 and intron4, and a-actin intron3 and intron4 for DNA F, DNA R, actDNA F and actDNA R, respectively).
Western blot analysis and antibodies Cellular protein extracts and western blot were prepared as previously described (Floyd et al., 2007) . Anti-phospho ACC, anti-phospho-p70SK1, anti-AMPK and anti-phospho-AMPK antibodies were all purchased from Cell Signaling Technology (Beverly, MA, USA). The anti-actin monoclonal antibody was purchased from Sigma-Aldrich (Dublin, Ireland).
Adhesion, migration, soft agar and proliferation assays These assays were conducted as previously described (Ayllon and O'Connor, 2007) with the following modifications. For adhesion assays, 1 Â 10 4 cells per well were added to previously coated wells (with fibronectin) in triplicate and allowed to attach for 30 min. The cells were then stained with crystal violet and the number of attached cells was estimated by spectrophotometer. For soft agar assays, 4 Â 10 3 HeLa cells per well were resuspended in 0.33% low-melting point agarose in Dulbecco's modified Eagle's medium-10% fetal bovine serum and plated in triplicate onto 35-mm dishes containing a 2 ml base agarose layer (0.6%).
Immunofluorescence and flow cytometry Immunofluorescence assays were conducted as previously described (Floyd et al., 2007) . For ROS detection, the H2DCF-DA probe (Molecular Probes, Eugene, OR, USA) was added at 50 mM to the media in the absence of fetal calf serum and incubated for 15 min at 37 1C. After one wash in PHEM, the cells were fixed in PHEM 3.7% formaldehyde for 15 min and treated or not with 10 mM of digitonin (Calbiochem, San Diego, CA, USA) for 30 min in Hank's balanced salt solution (Gibco BRL, Paisley, Scotland, UK) at room temperature. The discs were then mounted on slides and photographed using a Nikon E600 and Â 100 objective.
For fluorescence-activated cell sorting (FACS) analysis the following probes were used: 40 nM MitoTracker Green dye (Molecular Probes) for mitochondria mass, 10 mM H 2 DCF-DA (Molecular Probes) for ROS detection, 20 nM TMRE (Sigma) for MMP. For b-catenin detection, 150 000 cells were cultured for 8 h in six-well plates in normal media in presence or absence of 5 mM NAC or 10 mM compound C. Cells were then collected using phosphate-buffered saline 0.5 mM EDTA, washed in phosphate-buffered saline 0.5%, bovine serum albumin 0.1% saponin, incubated for 20 min with b-catenin antibody (BD Transduction Laboratories, Erembodegem, Belgium) in the presence of saponin. Cells were then washed and incubated for 20 min with anti-mouse Cy3-conjugated antibody (Jackson ImmunoResearch Laboratories, Newmarket, UK). Cells were then washed and analysed by FACS.
